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Abstract
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Environmentally persistent free radicals (EPFRs) are toxic organic/metal oxide composite
particles that have been discovered to form from substituted benzenes chemisorbed to metal
oxides. Here, we perform photoelectron spectroscopy, electron energy loss spectroscopy, and low
energy electron diffraction of phenol chemisorbed to ZnO(1 0 1̱ 0) and (0 0 0 1̱)-Zn to observe
electronic structure changes and charge transfer as a function adsorption temperature. We show
direct evidence of charge transfer from the ZnO surfaces to the phenol. This evidence can help
gain a better understanding of EPFRs and be used to develop possible future remediation
strategies.

1. Introduction

Author Manuscript

The adsorption of aromatic molecules on metal oxide surfaces continues to attract attention
due to their potentially significant environmental impacts [1–4]. In particular, recent
experiments have demonstrated that when certain classes of substituted benzenes chemisorb
to metal oxide surfaces, such as ZnO, environmentally persistent free radicals (EPFRs) are
formed. EPFRs are thermally activated radicals with half-lives of hours to days under
ambient conditions and indefinitely under vacuum [5–9]. The term EPFR refers to these
composite organic/metal oxide pollutant particles. Specifically, ZnO is known to form the
longest-lived EPFRs with half-lives up to 73 days based on EPR results where g-values are
consistent with aromatic type radicals [7]. Moreover, these previous EPR results indicate
that EPFR formation is thermally activated (>150 °C). Previous ab initio calculations
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associate this exceptional stability and low reactivity to a chemisorption/charge-transfer
mechanism which results in resonance stabilization including both oxygen and carboncentered radicals [10]. The association of EPFRs with toxic airborne particulate matter is
important because they pose serious health consequences to humans [11–20]. Developing a
detailed model of the thermally activated mechanism of EPFR formation on metal oxides is
a necessary first step in understanding their toxicity and in guiding strategies for
remediation. To gain key insights into real world systems we employ a model system to
probe a key step in EPFR formation, namely, the temperature-dependent chemisorption of
phenol on well-defined ZnO surfaces. Because single crystal ZnO has few low-energy
crystallographic faces [21,22], this is an ideal model system to obtain comprehensive
information that closely represents nanoparticle powder samples, which have been used in
previous studies [4–8]. This study aims to understand the detailed atomic and electronic
structure of EPFRs formed on two differing ZnO crystallographic faces namely the (1 0 1̱ 0)
and (0 0 0 1̱)-Zn surfaces as a function of temperature. Our experimental data strongly
suggests that upon adsorption of phenol, a known EPFR precursor, there is a charge transfer
away from both ZnO surfaces toward the phenol, which is inconsistent with a previously
proposed mechanism of EPFR formation [23]. Moreover, surface spectroscopic data, which
probe the electronic properties of the adsorbed phenol, reveal that there is a significant
difference between adsorption at room temperature versus elevated temperatures for the (0 0
0 1̱) surface only. Additionally, employing surface diffraction, we show that the adsorption
of phenol (1 0 1̱ 0) surface results in a semi-ordered atomic superstructure.
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To date, only generic mechanisms which lack atomistic details have been proposed for
EPFR formation on metal oxide surfaces [5,6,24]. The mechanisms consist of an initial
chemisorption of the EPFR precursor molecule, typically alcohol or halogenated aromatic
systems, to the surface followed by elimination of water or HCl and consequent charge
transfer between the molecule and metal oxide surface. During this latter activated process, a
concurrent reduction of the metal and EPFR formation occurs. In this context, interactions
between phenol and ZnO become interesting because of the limited stable oxidation states of
Zn (a +1 state is non-existent). This motivates the importance to understand the atomic and
electronic structure in detail. Furthermore, our electronic and structural studies can be used
by theorists as a guidepost to aid in developing a clearer picture of the interactions between
aromatic organics and transition metal oxides taking into account both morphology/
symmetry and electronic details.
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In this study, we perform low energy electron diffraction (LEED), electron energy loss
spectroscopy (EELS), and ultraviolet photoelectron spectroscopy (UPS), of phenol adsorbed
at low temperature (90 K), room temperature, and at 220 °C on non-polar ZnO(1 0 1̱ 0) and
polar ZnO(0 0 0 1̱)-Zn single crystal surfaces as surrogate model systems for EPFR
formation. Using UPS we were able to observe band bending toward the Fermi level
indicating charge transfer from the ZnO surfaces to the phenol at both room temperature and
220 °C, which differs from previously proposed EPFR formation mechanisms. Moreover,
EELS measurements are used to probe low-energy electronic transitions of chemisorbed
phenol as a function of temperature to compliment the UPS measurements. The UPS and
EELS measurements together reveal that the ring of phenol chemisorbed on (1 0 1̱ 0) likely
remains intact and the phenol chemisorbed to the (0 0 0 1̱)-Zn shows significant changes that
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indicate that EPFR formation may favor the Zn-terminated surfaces. The LEED
measurements also show significant differences between the adsorbate atomic structure
arrangement two surfaces. On the (1 0 1̱ 0) surface chemisorbed phenol forms a semiordered superstructure while phenol on the (0 0 0 1̱)-Zn surface is completely disordered.
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This investigation is part of a larger program to study EPFR precursors on transition metal
oxides. It is clear from the results that will be presented that the simple unverified
mechanism does not describe all systems where EPFRs are known to form, although recent
experimental studies have demonstrated charge transfer from the adsorbed organic species to
the metal oxide in the direction proposed by the generic mechanism [23]. Experimental and
theoretical studies are required to generate insights into other EPFR/metal oxide systems and
this study can help those who are interested in such systems. By performing detailed studies
of the atomic and electronic structure of such systems a clearer picture maybe obtained to
understand how each system behaves individually, highlighting their similarities and their
differences.

2. Materials and methods
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All experiments were performed in ultra-high vacuum (UHV) systems with base pressures
below 2 × 10−10 Torr. ZnO(1 0 1̱ 0) and ZnO(0 0 0 1̱)-Zn samples (10 mm × 10 mm × 1
mm) were purchased from MTI Corporation and cleaned in UHV by several cycles of 1.5
keV Ne ion bombardment at 5 × 10−5 Torr for 45 min followed by 30 min annealing at 650
°C. EELS spectra were taken before dosing with phenol to ensure cleanness of the sample
wherein only phonons and bulk band gap (~3.7 eV) features were identified. Adsorption of
the EPFR precursor was accomplished by introducing phenol vapor into the vacuum
chamber using a standard leak valve. The phenol was purified by several freeze-pump-thaw
cycles. For dosing at elevated temperatures, the respective crystal was brought to a given
temperature in vacuum as measured with a type K thermocouple. Upon cooling to room
temperature, data was acquired. The EELS measurements, using a LK2000 EELS
spectrometer employed a primary beam energy of 30 eV with a resolution of ~15 meV
(measured by the FWHM of the elastically scattered electron beam in the specular direction)
in specular geometry. When dosing at low temperature, the samples were exposed and
spectra were collected while the sample was held at ~90 K. All EELS spectra were
normalized to the height of the elastic peak.
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All UPS measurements were performed using the 5 m toroidal grating monochromator (5mTGM) beamline and UPS endstation at the Center for Advanced Microstructures and
Devices (CAMD) at Louisiana State University, which are described in detail elsewhere
[25]. A 50 mm hemispherical analyzer was used to acquire the normal emission spectra with
40 eV, 45° incident light. The Fermi edge was determined from the sputtered copper sample
holder.
The electronic structure of molecular phenol was calculated using WIEN2k with a unit cell
of 15 × 14 × 10 Å, ensuring enough vacuum space that the molecules are essentially
isolated. Exchange-correlation potential used was the revised GGA of Perdew–Burke–
Ernzerhof and the molecule was allowed to fully relax [26].
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3. Results
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Figure 1 shows the photoelectron spectra of phenol dosed at 220 °C on non-polar ZnO(1 0 1
0) (Figure 1a) and polar (0 0 0 1)-Zn (Figure 1c) terminated surfaces. On both clean ZnO
surfaces we see a clear photoemission peak centered around 10.8 eV binding energy (BE)
due to the Zn 3d emission. The remaining intensity between 4 and 8 eV BE is attributed to
the O 2p and the Zn 4s electrons, respectively. The (1 0 1 0) surface has an additional peak
at approximately 6 eV, which has been attributed to a hybridization of the Zn 4s-O 2p
orbitals [27]. Upon deposition of 100 L of phenol at 220 °C, a shoulder appears on the upper
edge of the O 2p band at binding energy of approximately 2.5 eV on the (1 0 1 0) surface
and 3.0 eV on the (0 0 0 1)-Zn surface. We assign this shoulder structure at the edge of the
valence band maximum (3.7 BE) to be the phenol HOMO band, which primarily lies in the
band gap of ZnO. This assignment is consistent with other aromatics on ZnO [28,29]. In
addition, another peak emerges at approximately 14 eV that has been assigned to the phenol
sigma orbitals [30]. The spectra for room temperature doses (not shown) were also obtained
and the same spectral features appeared for both surfaces at the same binding energies as
their higher temperature counterparts.
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The inset of Figure 1 shows difference spectra between both clean and adsorbed surfaces.
The difference spectra were obtained after a correction for band bending was performed (see
discussion below) and after normalization to the hybrid peak for the (1 0 1 0) surface and the
Zn 3d peak for the (0 0 0 1)-Zn surface. A comparison of the difference spectra between the
two surfaces reveals a 0.5 eV shift to higher binding energy in the Zn terminated spectrum.
The line shape of the phenol HOMO on the Zn terminated surface is also quite different. For
the non-polar surface, two peaks are present that appear to be in good agreement with the
calculated spectrum that are assigned to the HOMO at 2.5 eV and HOMO − 1 at 3.5 eV (see
bottom spectrum of the inset). However, the Zn-terminated spectrum shows a clear
difference with the calculation; Specifically, it appears that either one peak has disappeared
or that the two peaks are merged together. Another significant difference between the clean
and dosed photoelectron spectra is the 0.6 eV and 0.4 eV Zn 3d band bending for the (1 0 1̱
0) surface and the (0 0 0 1̱)-Zn surface, respectively. This near surface, upward shift toward
the Fermi edge (decreasing BE) is consistent with a charge transfer from the surface to the
phenol [31,32].
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Although UPS yields information of the near-surface valence structure, EELS provides a
surface sensitive method to examine low energy electronic excitations. In combination with
UPS, EELS measurements allow us to infer additional key details of the electronic structure
of the phenol/ZnO system, Specifically the excitations of ZnO and phenol. Figure 2 shows
EELS spectra of clean and dosed (1 0 1̱ 0) and (0 0 0 1̱)-Zn at the same conditions as Figure
1. The spectral range of 0.2–9.0 eV loss energy yields direct information on the ZnO low
energy band gap, interband transition at 3.6 eV (as shown in Figure 2a and indicated by the
dash-dot vertical line) and the low energy corresponding HOMO–LUMO transitions of
phenol [33,34]. Also included is the spectrum from a non-polar surface with physisorbed
phenol at −177 °C (b). At this low temperature multiple layers of phenol are condensed,
effectively forming ‘phenol ice’. Figure 2b shows condensed phenol transitions at 3.7, 4.5,
5.7, and 6.5 eV, which are due to π–π* transitions and consistent with previous gas phase
Chem Phys Lett. Author manuscript; available in PMC 2016 October 01.
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measurements of phenol [34]. These excitations Specifically are between the HOMO/
HOMO − 1 and LUMO/LUMO + 1/LUMO + 2 orbitals of phenol. The intense peak at 6.5
eV (indicated by a dotted vertical line in Figure 2) is similar to that of benzene, but is
perturbed by the lone pair of electrons located on the oxygen causing a shift to lower energy
[34].
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Comparing spectra of 100 L adsorbed phenol on the (1 0 1 0) surface at room temperature
and 220 °C (c and e), only small differences are observed. The room temperature spectrum
(c) is shifted to lower loss energy from the ‘phenol ice’ (b) by 0.2 eV while the 220 °C (e)
spectrum is shifted even further to lower energy by 0.4 eV. Other than these shifts in loss
energy, overall the spectra for the (1 0 1 0) surface looks like slightly perturbed, but intact
phenol. This corroborates well with the UPS data shown in Figure 1. There appears to be
some temperature dependence on the adsorption of phenol on the non-polar surface.
However, this only shifts the spectra to lower energy.
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The (0 0 0 1̱)-Zn surface, however, is significantly different from the (1 0 1 0) surface.
Figure 2d, room temperature adsorption (100 L phenol) very closely resembles the non-polar
surface (Figure 2c) under the same conditions. However, when the adsorption occurs at
elevated temperature (220 °C) the spectrum (Figure 2f) shifts significantly to lower loss
energy by 0.7 eV compared to Figure 2b. More importantly, EELS shows the intensity
feature at 2.3 eV which is presumably due to additional transitions from the HOMO of
phenol to the conduction band minimum (CBmin) of ZnO similar to the nitrocatechol system
studied by Arnaud et al. [29]. Also, two very prominent peaks are observed at excitation
energies of approximately 4.0 and 5.8 eV. These new peaks at 4.0 and 5.8 eV were also
observed with nitrocatechol adsorbed to ZnO and were assigned to be the HOMO to LUMO
and HOMO to LUMO + 1 transitions, respectively. Overall, EELS reveals that for the Znterminated surface, substantial changes occur between the phenol chemisorbed states at
room temperature and 220 °C, while the non-polar surface shows slight changes between
temperatures.
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In addition to the electronic information yielded by UPS and EELS, information regarding
the surface atomic structure is inferred from LEED. Figure 3 shows LEED patterns for the
(1 0 1̱ 0) and the (0 0 0 1̱)-Zn surfaces before and after adsorption of 25 L of phenol at room
temperature. The non-polar (1 0 1̱ 0) surface is characterized by rows of zinc and oxygen
dimers at top of the structural model in Figure 3e. As shown, equal numbers of zinc and
oxygen atoms are present in the surface plane making it non-polar. This is in contrast to the
polar (0 0 0 1) surfaces, indicated by the sides of the structural model in Figure 3e, which
can be terminated with either all zinc (left) or oxygen atoms (right). A typical
unreconstructed LEED pattern of ZnO(1 0 1̱ 0) yields a (1 × 1) rectangular pattern (Figure
3a). The polar (0 0 0 1̱)-Zn surface (Figure 3c) also yields a (1 × 1) pattern with six-fold
symmetry, as previously reported in the literature [22,21]. When the (1 0 1̱ 0) surface is
exposed to 25 L of phenol at room temperature, as shown Figure 3b, a c(2 × 2)
superstructure is observed with streaking along the (0 0 0 1) direction. This indicates that the
phenol is ordered in the (1 2̱ 1 0) direction but lacks long-range coherence, or order along
the (0 0 0 1) direction. As seen in the structural ZnO model in Figure 3e, this (0 0 0 1)
direction is perpendicular to the Zn O dimer rows. When the sample temperature is elevated
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to 220 °C, the same streaking pattern appears (not shown). Upon additional exposure to
phenol (beyond 25 L) the LEED pattern does not change indicating the surface is fully
saturated at approximately 0.5 ML.
Unlike the non-polar surface that shows a streaking pattern upon exposure to 25 L phenol,
LEED indicates that on the polar (0 0 0 1̱)-Zn surface exhibits an overall increase in diffuse
background occurs, as shown in Figure 3d. This suggests a clear distinction between the
bonding on the two crystallographic surfaces. When the sample temperature is raised to 220
°C, the same diffuse background appears. For both surfaces there is a lack of temperature
dependence with regard to LEED measurements.

4. Discussion
Author Manuscript
Author Manuscript

A significant observation in Figure 1 is the 0.6 eV and 0.4 eV band bending on the (1 0 1̱ 0)
surface and (0 0 0 1̱)-Zn surface, respectively, upon adsorption of phenol. This type of
behavior is not an uncommon phenomenon with ZnO, especially when molecules containing
oxygen such as carbon monoxide, ethylene oxide, and methanol are adsorbed [32]. This type
of band bending occurs when a molecule adsorbs to a weakly screened (non-metallic)
surface. The molecular orbitals can either (1) accept charge from the surface, forming an
electric field that pulls the bands ‘upward’ (toward the Fermi level) causing a shift to lower
binding energy in photoelectron spectra, or (2) donate charge to the surface, forming an
electric field that pulls the bands ‘downward’ (away from the Fermi level), shifting the
photoelectron spectra to higher binding energy. Based on this idea, our PES results suggest
direct evidence of a charge transfer from the ZnO to the phenol [31], which is somewhat
unusual considering phenol is regarded as a poor electron acceptor. This observation has
significant impact on the proposed mechanism of EPFR formation described earlier and that
has been previously observed in other metal oxide systems [24]. This previously proposed
mechanism indicates that charge is transferred from the adsorbate to metal oxide causing a
partial reduction of the metal cation, however, the PES data of both phenol/ZnO systems
indicate the reverse occurs. This could explain why EPFRs form on ZnO while no +1
oxidation state of Zn exists. This is confirmed by the lack of intensity of structure near the
Fermi level indicating an absence of metallic Zn formation.
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The UPS data adds additional insight into phenol bonding, namely the details of the HOMO
structure near 2.5 eV. The inset in Figure 1 shows the difference spectra of both surfaces
compared to a WIEN2k calculation of a single phenol molecule. The (1 0 1̱ 0) surface
closely matches the calculation suggesting that the phenyl ring of chemisorbed phenol
remains intact on the (1 0 1̱ 0) surface. However, details of the HOMO band(s) on the Znterminated surface are clearly different. It is not clear if a state is being depopulated or if
degeneracy is being added to the phenol. Although EELS shows a temperature dependent
structure both surfaces, there is a lack of temperature dependence on both surfaces with
respect to the occupied states.
A comparison of the temperature dependent EELS spectra between the two surfaces shows
significant differences. Comparing spectra in Figure 2b with 2c, 2d, and 2e, there is only a
slight shift to lower loss energy by 0.2 and 0.4 eV. The dominant feature remains the π–π*
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transitions at 6.5, 6.3, and 6.1 eV [34]. Spectra seen in Figure 2c–e seem to reflect the
presence of intact chemisorbed phenol on both surfaces since no spectral features change
except for a slight shift in loss energy. Since the UPS shows no HOMO shifts with regard to
temperature for each surface, yet the EELS does show shifts to lower loss energies as a
function of temperature, this implies that the LUMOs decrease in energy as a function of
temperature for both surfaces. Both UPS and EELS data support the observation that the
phenyl ring of chemisorbed phenol is indeed intact on the (1 0 1̱ 0) surface.
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The high temperature adsorption of phenol on the polar surface (Figure 2f) is significantly
different than any other spectrum in Figure 2. Not only does this spectrum have the largest
π–π* transition shift of 0.7 eV compared to the ‘phenol ice’, but it also shows a low energy
onset excitation at 2.3 eV. No other spectrum has this as an obvious feature and suggests the
presence of a HOMO to metal oxide CBmin transition. This means that the phenol HOMO is
inserted into the ZnO band gap. While it may be present in the (1 0 1̱ 0) spectra, it is very
low in intensity by comparison. The shift to lower energy also implies that the HOMO–
LUMO gap has narrowed far more than on the other surface at the elevated temperature
adsorption. This significant collapse could suggest that the polar Zn-terminated surface is
more conducive for EPFR formation, which corroborates the UPS data in Figure 1.
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Very few LEED patterns of aromatic organics on ZnO have been recorded [22]. Benzene on
ZnO(1 0 1̱ 0) was investigated using LEED by Poss et al. [35]. The authors found that
benzene formed a well ordered c(2 × 2) superstructure with very sharp diffraction spots.
Upon further adsorption, the LEED pattern changed to a c(4 × 3) structure indicating
multilayer growth of benzene which is in contrast to phenol on the same (1 0 1̱ 0) surface
wherein no additional superstructures were observed at higher coverages. Moreover, the
streaked c(2 × 2) superstructure remains upon dosing at higher temperatures (220 °C). As a
comparison, benzene is believed to lay flat on the surface of ZnO(1 0 1̱ 0) [22,35], however,
it is suspected that phenol binds to the surface through the oxygen atom leaving the phenyl
ring to orient itself in a random fashion leading to no long range coherence.
LEED indicates that phenol prefers to bond in a semi-ordered c(2 × 2) fashion on the (1 0 1̱
0) surface rather than on the (0 0 0 1̱)- Zn. Since increasing the dosage of phenol beyond 25
L did not change the LEED pattern, this means that the (1 0 1̱ 0) surface becomes fully
saturated near 0.5 ML. This is of great importance for simulations since the bonding
geometry can be quite different for both surfaces, which could have impacts on the
electronic structure of the adsorbed phenol.

5. Conclusions
Author Manuscript

We have studied the electronic structure and adsorption ordering of the phenol/ZnO model
system as a function of both crystallographic face dependence and temperature. We find that
upon saturation doses of phenol at room temperature and 220 °C the resulting photoelectron
spectra shift to lower binding energy due to band bending, suggesting a charge transfer away
from the ZnO toward the chemisorbed phenol. This is contradictory to a previously
proposed EPFR formation mechanism based on phenol chemisorbed to rutile TiO2 (1 1 0)
[24]. Our combined UPS with EELS experimental evidence shows evidence of the intact
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phenyl ring of chemisorbed phenol on the ZnO(1 0 1 0) surface even at elevated
temperatures. However, phenol chemisorbed to the polar Zn-terminated surface shows
significant differences that could suggest EPFR formation is more favorable on that surface.
UPS data also showed no temperature differences indicating similar occupied states
structure for phenol at both RT and 220 °C. On the other hand, EELS consistently showed
excitation shifts to lower loss energy. This means that the HOMO–LUMO gap decreases or
collapses and hence only the LUMO states decrease in energy. LEED measurements also
showed significant long-range structural differences between adsorption on the two surfaces.
Whereas, phenol forms a semi-ordered c(2 × 2) superstructure on the (1 0 1 0) surface, it is
disordered on the polar Zn-terminated surface. The LEED experiments also showed that
phenol is fully saturated near 0.5 ML of phenol on the non-polar surface. This study should
serve as a guidepost for future computational studies that wish to attempt to model radical
formation on ZnO or other metal oxide systems.
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Figure 1.

Room temperature photoelectron spectra of clean and 100 L of phenol dosed ZnO surfaces
at 220 °C: (a) clean (0 0 0 1̱)-Zn; (b) phenol dosed on (0 0 0 1̱)-Zn; (c) clean (1 0 1̱ 0); (d)
phenol dosed on (1 0 1̱ 0) (d). The dashed line at 10.8 eV indicates the center of the Zn 3d
peak on the clean surfaces and consequent band bending of the phenol dosed surfaces. The
inset shows the difference spectra in the region between 1 and 4.5 eV (see text for details) as
well as calculated spectrum of a fully relaxed phenol molecule (HOMO and HOMO − 1) for
comparison.
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Figure 2.

EELS spectra of 100 L phenol adsorbed to the (1 0 1̱ 0) and the (0 0 0 1̱)-Zn surfaces at
various temperatures. The spectra are as follows: (a) clean (0 0 0 1̱)-Zn: (b) adsorption at
−177 °C on (1 0 1̱ 0); (c) adsorption on (1 0 1̱ 0) at room temperature; (d) adsorption on (0
0 0 1̱)-Zn at room temperature; (e) adsorption on (1 0 1̱ 0) at 220 °C; and (f) adsorption on
(0 0 0 1̱)-Zn at 220 °C. The dotted vertical line is aligned to the 6.5 eV loss peak of the thick
physisorbed phenol layer at −177 °C. The dot-dash vertical line on the left is aligned with
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the midpoint of the ZnO band gap at approximately 3.6 eV (a). All spectra are normalized to
the elastic peak.
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Figure 3.

LEED patterns of: (a) clean (1 0 1̱ 0), 69 eV; (b) exposed (1 0 1̱ 0) to 25 L phenol at room
temperature, 25 eV; (c) clean (0 0 0 1̱)-Zn at 69 eV; (d) exposed (0 0 0 1̱)-Zn to 25 L phenol
at room temperature, 69 eV; (e) structural model of ZnO with arrow indicating the (0 0 0 1)
direction The circles in a and b indicate equivalent diffraction spot positions.
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